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Abstract: Novel functional biomaterials are expected to bring about breakthroughs in developing
immunotherapy and regenerative medicine through their application as drug delivery systems and
scaffolds. Nanogels are defined as nanoparticles with a particle size of 100 nm or less and as having a
gel structure. Nanogels have a three-dimensional network structure of cross-linked polymer chains,
which have a high water content, a volume phase transition much faster than that of a macrogel, and
a quick response to external stimuli. As it is possible to transmit substances according to the three-
dimensional mesh size of the gel, a major feature is that relatively large substances, such as proteins
and nucleic acids, can be taken into the gel. Furthermore, by organizing nanogels as a building
block, they can be applied as a scaffold material for tissue regeneration. This review provides a brief
overview of the current developments in nanogels in general, especially drug delivery, therapeutic
applications, and tissue engineering. In particular, polysaccharide-based nanogels are interesting
because they have excellent complexation properties and are highly biocompatible.

Keywords: nanogel; drug delivery system; scaffold

1. Introduction

Novel functional biomaterials are expected to bring about breakthroughs in the devel-
opment of immunotherapy and regenerative medicine through their application as drug
delivery systems (DDSs) and scaffolds. We developed a nanogel using self-organizing
cholesteryl pullulan (CHP). This is a water-soluble, non-ionic natural polysaccharide with
many hydrophilic functional groups and is partially introduced with a hydrophobic func-
tional group, a cholesterol group, in water (Figure 1).

In CHP nanogels, cholesterol groups associate with each other through hydrophobic
interactions in an aqueous solution to form a network structure, which swells in water to
form a spherical hydrogel structure [1]. The CHP nanogel has been developed and applied
as a nanocarrier for protein DDSs in particular. In addition, various polysaccharides, such as
cycloamylose, mannan, cyclic dextran, and glycogen [2], have been used as main chains and
modified with cholesterol groups to form nanogels. Proteins, such as antigens for vaccines,
cytokines, and hormones, can be encapsulated and released in vivo. To deliver nucleic
acids, cholesterol-bearing polysaccharide-based nanogels were modified with cationic
groups such as amine or spermine. These cationic nanogels were effective for gene delivery.

Furthermore, by organizing nanogels as a building block, they can be applied as a
scaffold material for tissue regeneration [1]. In this paper, we introduce the application
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and development of highly functionalized nanogels for immunotherapy and regenerative
medicine. In recent years, protein-based biopharmaceuticals, such as cytokines, mono-
clonal antibodies, and recombinant vaccines, have effectively treated various diseases. As
biologics are unstable in vivo, it is difficult to maintain their effects for a long time. To
solve these problems, there is a need to develop a protein stabilization technology and
a delivery system that can be released over a long time in the affected area. Nanogels
have been developed as protein nanocarriers. These polysaccharide nanogels contain and
stabilize proteins in a self-organizing manner, inhibiting their aggregation and retaining
their activity against various external stimuli. The nanogels are molecular chaperones that
can release proteins [3].
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Figure 1. Schematic illustration of this review. Cholesterol-substituted polysaccharides form self-
assembled nanogels that are cross-linked to build a nanogel-cross-linked (NanoClik) gel. Nanogels
are used in immunotherapy, delivering proteins and genes. NanoClik gels are used in regenerative
medicine, delivering growth factors or adhering cells for tissue engineering.

Many types of nanoparticles have been used for drug delivery. These types have
been classified by their components, such as lipid-based nanoparticles (e.g., liposomes,
lipid nanoparticles, and emulsions), inorganic nanoparticles (e.g., quantum dots, silica,
iron oxide, and gold nanoparticles), and polymeric nanoparticles (e.g., polymersomes,
polymer micelles, and nanospheres) [4]. In preparing standard-type liposomes [5], lipids
are self-assembled in water to form bilayers by hydrophobic interactions, and spherical
vesicles are built from these lipid-based bilayers.

Similarly, in typical polymersomes [6], amphiphilic block polymers are self-assembled
to form polymer-based bilayers, and spherical vesicles are made. In both liposomes and
polymersomes, shells consisting of a single or multiple bilayers are formed around the
inner water phase. In another case, amphiphilic block polymers are self-assembled in water
to form polymer micelles [7], in which a condensed polymer core is made in the center, and
hydrophilic polymer chains form a shell or corona of nanoparticles.

In most polymer nanospheres and inorganic nanoparticles, the starting materials are
insoluble in water and form spherical nanoparticles in water. A nanogel is one subclass
of polymeric nanoparticles, and its structure differs from polymersomes or polymeric
micelles. In 2007, a nanogel was defined by the International Union of Pure and Applied
Chemistry [8] as a nanometer-sized gel. In a previous study, the molecular weight of a single
nanoparticle consisting of CHP was measured accurately by size exclusion chromatography
with multiangle laser light scattering. It was confirmed that CHP polymers were assembled
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spontaneously through hydrophobic interactions in water and formed physically cross-
linked hydrogel nanoparticles [9].

Additionally, the results of small-angle neutron scattering measurements were re-
ported in 2016. It was shown that there are 19 cross-linking points in one CHP nanogel
with an average radius of 8.1 nm, and the distance between the cross-linking points was
1.7 nm on average [10]. These results suggested that the inner water phase or core–shell
structure was not formed in CHP-based nanogels, and different drug delivery approaches
are possible compared with the other nanoparticles. This review will also introduce appli-
cation examples of CHP nanogels used in DDS and scaffolds for regenerative medicine and
comparisons with the various polymers (nanomicelles, lipid nanoparticles, and collagens).

2. Nanogels and Immunotherapy
2.1. Delivery of Antigens and Adjuvants

Nanogels can be incorporated into cells and have excellent properties as nanocarriers.
Furthermore, polysaccharide nanogels can be used in cancer vaccine therapy by efficiently
presenting cancer antigens to immune cells. By delivering an adjuvant (the TLR9 ligand
CpG deoxynucleotides or the TLR3 ligand poly-IC) to immune cells (macrophages and
dendritic cells) localized in tumor tissue using nanogels, the tumor microenvironment is
immunologically activated to enhance the antitumor effect [11].

CHP nanogels improve the efficacy of cancer vaccines consisting of relatively large
molecular weight proteins, efficiently activating both antigen-specific cytotoxic T cells and
helper T cells, as demonstrated in clinical trials [12].

Kiyono’s group reported that nasal administration of a complex of Hc proteins and
a cationic CHP nanogel (cCHP) with ethylenediamine groups significantly increased the
production of IgG and IgA antibodies [3,13]. Using cCHP, it has become possible for
antigens to remain in the nasal mucosa for a relatively long period and continuously
penetrate through the nasal epithelial cell layer. cCHP has excellent properties as a carrier
for nasal vaccines and is expected to be used as a new needle-free vaccine for various virus
infection diseases, including coronavirus disease 2019 (COVID-19).

2.2. Gene Delivery

Nucleic acid drugs are attracting attention as a new cancer immunotherapy following
antibody drugs. Due to the rapid spread of mRNA vaccines against COVID-19 [14],
nucleic acid medicines are expected to be used as therapeutic agents for various diseases,
including cancer.

The effectiveness and safety of mRNA vaccines against COVID-19 have been demon-
strated, and research on mRNA-based cancer therapy and regenerative medicine is cur-
rently being carried out worldwide. As there is no risk of mRNA being inserted into the
chromosomes, it can be used safely regarding the potential risk of tumorigenesis caused
by aberration of genomic integrity. Since mRNA is extremely unstable in vivo, a DDS is
required to stably retain and transport mRNA to target cells. In vivo, when mRNA or
plasmid DNA (pDNA) was administered to skeletal muscle and protein expression was
compared, the amount of protein expression by mRNA was lower than that by pDNA [15].
The reason for this is thought to be that mRNA is extremely unstable in vivo, and the use
of pDNA has long been considered promising for gene therapy applications.

Katalin Karikó reported that replacing “uridine” with “pseudouridine” controlled the
inflammatory response and dramatically increased the synthesis efficiency of the target
protein [16–18]. Karikó and Drew Weissman won the 2023 Nobel Prize in Physiology or
Medicine for developing the fundamental technology for mRNA vaccines [19,20].

Lipid nanoparticles (LNPs) have been widely used in COVID-19 vaccines [21]. The
construction of LNPs for mRNA delivery is very important and was developed and pub-
lished before 2019. Distearoylphosphatidylcholine (DSPC) and polyethylene glycol (PEG)-
conjugated lipids were used in LNPs like traditional liposomes. A novel biodegradable
amino lipid with a surface pKa < 7 was developed for efficient mRNA delivery [22]. These
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key materials were used in COVID-19 vaccines, but no conclusion has been reached regard-
ing the optimal carrier for mRNA delivery.

Furthermore, compared with infectious disease vaccines, cancer vaccines are difficult
to develop because cancer cells are difficult to distinguish from normal cells and have
immunosuppressive effects. Using their own RNA engineering techniques, Tockary et al.
developed a method to incorporate adjuvants directly into the mRNA strand that encodes
the antigen without interfering with the ability to produce the antigen protein [23]. They de-
signed short double-stranded RNA (dsRNA) targeting the innate immune receptor retinoic
acid-inducible gene-I (RIG-I) [24] and interdigitated it with the mRNA strand through
hybridization. They discovered a Comb-structured mRNA that efficiently stimulated RIG-I
by changing the length and sequence of dsRNA. The resulting Comb-structured mRNA
effectively activated dendritic cells, which are important in obtaining vaccine efficacy. In
addition, by carrying Comb-structured mRNA not only in LNP but also in the polymeric
nanomicelles that Kataoka developed [25], Tockary et al. succeeded in improving the
efficacy of vaccines.

Polymer nanomicelles are nanoparticles formed by the self-association of a block
copolymer composed of two segments: a hydrophilic polymer (such as PEG) and a hy-
drophobic polymer (such as a polyamino acid derivative). They have a two-layered
structure in which the inner core is covered with an outer shell of a hydrophilic polymer.

The mRNA delivery system using polymeric micelles has also been applied to regen-
erative medicine. Aini et al. suppressed the progression of osteoarthritis by administering
polymeric micelles containing mRNA for RUNX1. This transcription factor plays a key
role in cartilage formation in the knee of an osteoarthritis model [26]. The effect of Runx2
was improved by administering mRNA for an osteoinductive transcription factor (Runx2),
which has a bone regeneration effect. Further, mRNA was administered for VEGF, a cy-
tokine that plays an important role in angiogenesis, into the bone defects [27]. There are
still only a few examples of the application of mRNA medicine to regenerative medicine,
and the only clinical trial currently being carried out in the world is the treatment of is-
chemic heart disease using VEGF mRNA, so future developments are currently attracting
attention [28,29].

As well as mRNA delivery, the RNA interference (RNAi) method using small interfer-
ing RNA (siRNA) and small hairpin RNA (shRNA) can efficiently suppress specific genes,
and its design is simple and versatile. However, there are still many unknowns about
the administration method of siRNA to living tissue and the safety of the administered
siRNA in vivo.

Developing a DDS carrier made of a biocompatible substance has been challenging
when establishing a safe administration method for siRNA with few side effects. As cancer
growth requires angiogenesis to supply nutrients to cancer cells, vascular endothelial
growth factor A (VEGF-A) is produced in the tumor microenvironment, promoting vascular
endothelial proliferation and angiogenesis [30,31].

New blood vessels in tumor tissue have a fragile structure. It is known that the
extravasation of oxygen and chemotherapeutic agents carried through the bloodstream
prevents sufficient therapeutic effects from being obtained [32]. Therefore, controlling
angiogenesis in the tumor microenvironment will improve the efficacy of cancer therapy.

We developed a cholesterol-bearing cycloamylose modified with spermine (CH-CA-
Spe) nanogel. We administered a complex of siRNA specific for VEGF-A (siVEGF) and
the nanogel into the tumor tissue of a mouse renal cancer subcutaneous transplantation
model. When the FITC-siRNA/nanogel complex was injected into the tumor of a mouse
renal cancer subcutaneous transplantation model, it was confirmed that FITC-siRNA was
maintained in the tumor tissue for a long period. It was also confirmed that administration
of the siRNA/nanogel complex targeting VEGF-A resulted in a knockdown effect of VEGF
gene expression in the tumor tissue. Continuous administration significantly inhibited the
growth and angiogenesis of subcutaneously implanted tumors [33]. We also found that an
intratumoral administration of the siVEGF/nanogel complex significantly suppressed the
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accumulation of myeloid-derived suppressor cells (MDSCs) [34,35] in the spleen compared
with the control group.

These results suggest that VEGF-A expression is successfully knocked down in tumor
cells by an intratumoral administration of the siVEGF/nanogel complex, suppressing tumor
growth and restoring immunosuppression induced by the tumor [34,35]. As CH-CA-Spe
nanogels can be freely changed in size, structure, and surface modification, it is expected to
have a synergistic effect when combined with immunotherapy.

3. Nanogel and Regenerative Medicine

Regenerative medicine can be expected to use nanogel as a carrier and to deliver
drugs to lesions. To prepare macro-sized gels, CHP nanogels were modified with acryl or
acryloyl groups and cross-linked with each other. This macro-sized hydrogel was called a
NanoClik gel [1]. NanoClik gels were used in regenerative medicine as the material for a
drug delivery system and tissue engineering. In the application of drug delivery, cytokines
for bone regeneration were encapsulated in NanoClik gels and released from lesions. In
tissue engineering, several kinds of cells, including stem cells, were attached to a NanoClik
gel, and three-dimensional cell-based materials were built in vitro and transplanted into
lesions in vivo.

3.1. Growth Factor Delivery

Bone morphogenetic protein-2 (BMP-2) has already been applied clinically in the
United States, but there are still problems, such as the high dosage required, cost, and side
effects (gingival swelling and heterotopic ossification). Using nanogels or NanoClik gels, it
becomes possible to function stably with a small amount and solve these problems locally.

In previous studies, BMP-2 and prostaglandin E were encapsulated in NanoClik gels
and embedded in a mouse cranial defect model. Four weeks later, bone regeneration was
improved from observation using a micro-CT. By using a NanoClik gel-based scaffold
containing a prostaglandin E2 receptor-specific agonist in combination with BMP-2, it
was confirmed that even a low dose of BMP-2 promoted bone regeneration [36]. By co-
delivering fibroblast growth factor-18 (FGF-18) and a low dose of BMP-2 using NanoClik
gels, it was also revealed that well-developed bone formation was promoted.

Bone repair by the combination of BMP-2 and FGF-18 was superior to BMP-2 alone
in terms of both quality and quantity due to M2 macrophage activation by FGF-18. These
findings indicate that the synergistic effect of different types of growth factors will expand
the possibilities of bone tissue engineering using NanoClik gels [37]. Although BMP-2 has
been applied clinically in orthopedics and dentistry, it is not widely used because of side
effects such as ectopic ossification, inflammation, and tumor formation [38]. All of these
are caused by excessive amounts of BMP-2. The combination of FGF-18 and NanoClik gels
can be expected to reduce side effects by allowing BMP-2 to act effectively at low doses.

3.2. Tissue Engineering

After approximately 2015, NanoClik gels were applied mainly using an acryloyl
group-modified cholesterol-bearing pullulan (CHPOA) nanogel, in which a CHP nanogel
was substituted for an acryloyl (OA) group and thiolated PEG [39]. This was freeze-dried
to give a continuous porous structure with a diameter of several hundred micrometers
and was called a “Nanogel-cross-linked porous: NanoCliP gel”. To clarify the adhesion
between NanoCliP gels and cells, actin filaments (F-actin) were stained with fluorescently
labeled phalloidin, and their morphology was evaluated using a confocal laser microscope
(CLM). It was confirmed that the cells on the NanoCliP gel had spread widely and adhered
strongly. These results suggested that the NanoCliP gel was suitable as a scaffold material
for a three-dimensional culture because of its high cell adhesiveness.

Subsequently, a NanoCliP gel was freeze-dried to develop a NanoCliP-FD gel, which
enabled it to be stored as a solid for a long time and absorb water-containing cells. This
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NanoCliP-FD gel was used to create a three-dimensional artificial structure based on
osteoblasts for bone regeneration.

Furthermore, in a previous study, osteoblasts were prepared from fibroblasts by di-
rectly reprogramming genes. The directly reprogramed osteoblasts incubated on NanoCliP-
FD gels produced a calcified bone matrix and improved bone regeneration in vivo [40]. A
similar experiment was carried out in a previous study, and the CLM observation results
are shown in Figure 2a. In the latest study, the scale-up of the three-dimensional cell-culture
system using NanoCliP-FD gels was studied. In this previous report [40], a NanoCliP-FD
gel was prepared in a hematocrit capillary tube with an inner diameter of 1.1 mm. A
NanoCliP gel with a thickness of ~1 mm was obtained. In the latest study, the gel was
made in a new silicon rubber mold (2 mm thick and 250 mm long).
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Figure 2. Observation of cells adhered on NanoCliP-FD gels by CLM. (a) Fibroblasts adhered to
small-scale NanoCliP-FD gels prepared using a similar method described in a previous study [40].
Blue (nucleus), green (F-actin), red (gel). (b) Fibroblasts adhered to large NanoCliP-FD gels. Blue
(live cell), red (gel). (c) HepG2 cells adhered to NanoCliP-FD microspheres on a large scale. Blue
(nucleus), green (F-actin), red (gel).
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In addition, when this gel was coated with fibronectin, human-derived fibroblasts
adhered. A scaled-up NanoCliP-FD gel was obtained, as shown in Figure 2b. The scaled-up
gel also showed an increase in the number of cells after 1 day and 7 days of culture; this
suggested that NanoCliP-FD gels can be freely changed in size and shape by preparing the
appropriate template. Therefore, a three-dimensional culture of cells in the desired shape is
possible. This is because the reaction between CHPOA and thiol-terminated PEG does not
occur sufficiently when mixed at room temperature. Furthermore, the reaction was strongly
improved under mild heating conditions of 37 ◦C, and an important feature was that
macroscopic gel volume change did not occur before and after the cross-linking reaction.

In other previous studies, micrometer-sized NanoClik gels were prepared by emulsion-
mediated cross-linking reactions [41]. The diameter of the NanoClik microspheres was
~10 µm. In the subsequent study, fibronectin was coated onto, and bone marrow-derived
mesenchymal stem cells were incubated with, these NanoClik microspheres and prepared in
wells of porous multi-well plates to produce hybrid spheroids of ~1.4 mm in diameter [42].

Next, there was a scale-up of the development of spheroids using NanoClik micro-
spheres. Larger-sized spheroids were produced by culturing them using a microgravity-
environment cell-culture device (Zeromo, Kitagawa Iron Works, Hiroshima, Japan). This
device can control the gravity received by NanoClik microspheres. Cells are made uniform
in all xyz directions by three-dimensional rotation. Human hepatocellular carcinoma cell
lines (HepG2 cells) were cultured with NanoClik microspheres for 1 day in a microgravity-
environment cell-culture device. Spheroids with a diameter of ~5.5 mm were obtained, as
shown in Figure 2c. It was found that the NanoClik microspheres were arranged to fill
the space between cells and, compared with spheroids consisting of only cells, they are
expected to prevent hypoxia caused by cell aggregation. We obtained spheroids of a larger
size than in the previously reported study.

Recently, attention has been focused on mini-organs called “organoids” [43–45], which
can be created by embedding stem cells in an extracellular matrix (ECM) called a Corning®

Matrigel® (a solubilized basement membrane secreted by mouse sarcoma cells [46,47]) and
culturing them under appropriate conditions. Organoids are anatomically and functionally
similar to organs and are in increasing demand for disease modeling and drug discovery.

However, the molecular composition of Matrigel has not been fully explained, there is
large lot-to-lot variation, and there are problems such as a lack of stable supply. Additionally,
Matrigel has ethical concerns because it is derived from a different species, and there are
many problems with its use in regenerative medicine. If NanoClik gels derived from
natural polysaccharides, such as Matrigel, can replace the functions of ECMs, safety and
ethical issues can be overcome. They can be expected to be applied not only to organoids
but also to regenerative medicine such as spheroids. How NanoClik gels are involved in
cell migration, cell behavior, and polarity signaling in organoid cultures is unclear and
needs to be clarified.

3.3. Bone Regeneration

Recently, a biological apatite with a 3D structure was produced using NanoCliP-FD
gels. Mesenchymal stem cells (MSCs) were cultured three-dimensionally on a NanoCliP-FD
gel scaffold. The resulting cultured bone tissue was found to be composed of biological
apatite, which is more crystalline than a collagen scaffold [48]. The NanoCliP gel was used
as a scaffold material for cell transplantation and was transplanted into the bone defect of
mice together with MSCs. Infrared spectroscopic analysis using synchrotron light, which
has sensitivity and high spatial resolution, was used for the analysis. Micro-CT analysis
confirmed significant bone regeneration in the NanoCliP gel-implanted group compared
with the untreated group [49].

Using Raman spectroscopy, a non-destructive and non-invasive method for analyzing
the molecular structure of materials, we reconstructed the Raman bands of molecules
belonging to the constituents of bone (collagen, PO4

3−, and CO3
2−) and obtained Raman

imaging. As a result, in the regenerated bone tissue implanted with a NanoCliP gel, a sharp
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peak for ν1PO4
3− (965 cm−1), attributed to hydroxyapatite (HAP), was confirmed, and

mature bone tissue was formed. Electron microscopy (Figure 3a–c) and scanning probe
microscopy of the surface and interior of the NanoCliP gel revealed not only matrix vesicles,
which are the origin of calcification, but also various vesicles. We confirmed the presence
of various sizes and types of calcium phosphate compounds (Figure 3d,e).
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Figure 3. Observation of biological apatite on a NanoCliP gel using electron microscopy. Transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) images are shown. Matrix
vesicles (a), with a grain size of ~200 nm, are the starting points of calcification, calcified globules
formed with the progress of calcification, and apatite crystals are observed inside the NanoCliP (b,c).
Apatite crystals and collagen (arrow) are observed (d,e).

Due to the chemical properties of the surface of NanoCliP gel, the accumulation of
calcium ions promotes the growth of HAP crystals along the c-axis, which exerts a strong
mechanical function. This is thought to form a bone tissue that has both “rigidity” and
“elasticity.” Carbonic apatite is absorbed by osteoclasts and is known to have high bone-
replacement and bone-forming ability. It is thought that good-quality bone tissue can be
obtained by remodeling.

A NanoCliP gel induces the formation of regenerated bone tissue with both high
stiffness and elasticity in both in vitro and in vivo systems. It is hoped that it will bring
benefits. To date, MSCs have been used as a source of osteoblasts, but they cause problems
such as high invasiveness at the time of collection and a limited number of obtained stem
cells in some cases. In addition, induced pluripotent stem cells (iPS cells) risk tumorigenesis
due to residual undifferentiated iPS cells. Conversely, it has been reported that some types
of functional somatic cells, such as cardiomyocytes [50,51], neurons [52,53], hepatocytes [54],
skeletal muscle stem cells [55], and brown adipocytes [56], have been directly induced from
differentiated fibroblasts without passing through the pluripotent stage.

These methods have been recently known as direct conversion or direct reprogram-
ming. Direct conversion has some advantages over using iPS cells in terms of convenience,
speed, low cost, and low tumorigenic risk. We found that human functional osteoblasts
were induced from fibroblasts by transducing defined factors [57]. However, genetic
manipulations raised safety concerns and were thus not desirable for most clinical applica-
tions. So, we developed alternative methods and induced osteoblastic cells from human
fibroblasts directly using only chemical compounds [58]. Direct conversion using chemical
compounds is cost-effective, easy to manipulate, and much safer because it does not involve
the integration of chromosomes.
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As the next step, we tried the three-dimensional direct conversion of human osteoblasts
using a NanoCliP-FD gel [58]. This route was chosen because a NanoCliP-FD gel can
be molded into various shapes, and by combining it with direct conversion, we could
provide safe, secure, and high-quality tailor-made bone regenerative medicine. It was
confirmed that the cells could attach to the surface of NanoCliP-FD gel, proliferate well,
and produce large amounts of calcified bone matrix (Figure 4). The calcified bone matrix
produced on a NanoCliP-FD gel also contained carbonate apatite, which is easily absorbed
by osteoclasts and has high bone-replacement properties, so bone remodeling reactions
could be expected [49,58].
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Figure 4. Characters of the complex of each cell and NanoCliP-FD gel. Alizarin Red S staining of the
complex of each cell and NanoCliP-FD gel (magnification 40×) (a). ALP mRNA expression of the
complex of each cell and NanoCliP-FD gel (b). ** p < 0.01 vs. HDFs. HDFs: human dermal fibroblasts,
cOBs: chemical compound-mediated directly converted osteoblasts.

NanoCliP gels can also be molded into various shapes, and by combining them
with direct conversion, we could provide safe, secure, and high-quality tailor-made bone
regenerative medicine that does not contain exogenous genes or components derived from
different animals (xeno-free) [58].

3.4. Cartilage Regeneration

Articular cartilage is essential for improving joint gliding and absorbing shock when
weight is applied. Articular cartilage is damaged when a large load is applied through
sports or external forces. Articular cartilage has no nerves or blood vessels that supply
nutrients and lacks repair cells, making it difficult to heal naturally [59]. Therefore, there is
no radical treatment for osteoarthritis (OA), a degenerative disease of cartilage.

In recent years, with the development of tissue engineering, there has been active
development of regenerative treatments that transplant cartilage tissue or chondrocyte
sheets cultured in vitro. Autologous cartilage is sometimes used as a source of cartilage [60],
but invasiveness during tissue collection poses a problem. Multifamily cartilage therapy, in
which cartilage tissue that is discarded during surgery for polydactyly patients is trans-
planted, has also been reported [61,62]. Abe et al. reported that chondrocytes and cartilage
tissue were differentiated from iPS cells and allografted and that iPS cell-derived cartilage
was engrafted [63]. Conversely, as mentioned above, although iPS cells have multipotency,
they carry the risk of tumorigenesis [64–66]. Therefore, culture technologies that reduce
the risk of tumor formation have been developed, including the direct reprogramming
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method that creates cartilage without using iPS cells [67,68] and the “three-step method”
that differentiates iPS cells into cartilage via MSCs [69].

Human periodontal ligament stem cells (hPLSCs), which are MSCs with the ability
to differentiate into various cells (bone, cartilage, and nerve) [70,71], have relatively many
opportunities to be collected and can be collected relatively easily. When MSCs are differen-
tiated into cartilage tissue, dedifferentiation occurs in planar culture, so a three-dimensional
culture is sometimes performed using scaffolding materials to maintain the cartilage state.

For cartilage transplantation to be successful, it is necessary to construct cartilage with
excellent mechanical properties that contain abundant cartilage matrix and to evaluate
the quality of the cartilage matrix at the molecular level. However, scaffold materials
suitable for cartilage culture are poorly understood. We evaluated NanoCliP gels using a
spectroscopic analysis of the molecular structure of constructed cartilage tissue and evalu-
ated whether NanoCliP could become a basic technology for new cartilage regeneration
therapy [72]. hPLSCs were seeded onto NanoCliP gels and cultured three-dimensionally
under cartilage differentiation induction.

After 14 days, the NanoCliP cartilage tissue and culture supernatant were subjected to
immunological analysis (MIA: melanoma inhibitory activity, a chondrocyte differentiation
marker [73]) and spectroscopic analysis (Raman spectroscopy and synchrotron radiation
[SR] FT-IR) to evaluate the expression of the cartilage matrix (glycosaminoglycan and
collagen). Overall, 60–80% of cartilage is water, and the remaining 20% is the cartilage
matrix (the substance between the cells). The cartilage matrix is composed of collagen and
proteoglycans, which are sugars bound to proteins; proteoglycans include glycosaminogly-
cans (hyaluronic acid, chondroitin sulfate, and heparan sulfate). Raman spectroscopy and
FT-IR spectroscopy can be used for analysis [74–81].

By culturing MSCs on a NanoCliP, we found that differentiation into chondrocytes
is promoted more than atelocollagen, and cartilage tissue rich in a cartilage matrix such
as hyaluronic acid is constructed. In addition, the spectroscopic analysis revealed that the
protein secondary structure formed on NanoCliP gels had a relatively higher proportion
of α-helical conformations than random coil conformations and had robust and stable
collagen. In particular, it is known that cartilage tissue in osteoarthritis has a relatively large
amount of random coil conformations. In contrast, healthy cartilage has a relatively large
amount of α-helical conformations [82]. Therefore, NanoCliP gels, which can construct
α-helix-rich cartilage tissue, are an ideal scaffold material.

By serving as a source of glucose, NanoCliP gels are thought to increase hyaluronic
acid synthesis in chondrocytes via hyaluronan synthase. In particular, as cartilage does not
have blood vessels, it is logical that the NanoCliP gel can supply glucose. By combining
NanoCliP gels and spectroscopic analysis, it was possible to provide high-quality cartilage
regeneration treatment.

If the cultured cartilage tissue could be molded with a 3D printer and transplanted to the
bone/cartilage defect [83], this may be a new treatment method for osteochondral diseases.

3.5. Biodegradability, Antibacterial Activity, and Mechanical Strength in Hydrogels and Polymers

Hydrogel design considers performance in terms of structural integrity, biocompat-
ibility, biodegradability, antibacterial activity, and mechanical strength. Polylactic acid
(PLA) and polyglycolic acid (PGA) are common bioabsorbable polymers that are widely
used clinically. In vivo, absorbable sutures made of PGA lose half their material strength
in 2 weeks and nearly 100% in 4 weeks. It is estimated that it takes 4–6 months for the
thread to be completely incorporated into the body [84]. Moreover, the collagen/HAP
scaffold material did not degrade and maintained its morphology for more than 6 months
in vivo [85].

Sato and Adachi et al. implanted the NanoCliP-FD gel into bone defects in mice
and evaluated bone regeneration [40,49]. These experiments had short-term experimental
schedules (approximately 4 weeks), and the residual gel was observed in the femoral
bone defect. The NanoCliP-FD gel maintained its gel form for more than 4 weeks, even
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in the femur, which is susceptible to mechanical stress, and was found to have sufficient
strength. These results indicated that the NanoCliP-FD gel is expected to be used in bone
and cartilage regenerative medicine. It requires flexibility and fracture resistance that can
follow the movements of organs and living tissues. As a future experimental topic, it will
be necessary to observe the progress over 1 year or more to evaluate the biodegradability
of the NanoCliP-FD gel.

When biodegradable polymers are implanted into a living body for a long time,
it is necessary to be careful about infection. Conjugating the non-biodegradable poly-
mer poly(methyl methacrylate) (PMMA) with antimicrobial agents has been established
as a treatment for periprosthetic joint infection [86]. Several antibacterial agents have
been incorporated into dental adhesives and cement to render them anticariogenic [87].
Conversely, research on imparting antibacterial properties to the biodegradable polymer
PLGA/β-TCP composite is still in the development stage [88]. The biofilm formation
inhibition and antibacterial properties of NanoCliP-FD are not well known. Regarding the
practical application of NanoCliP-FD, one option is to use it with materials or drugs that
impart antibacterial properties without impairing its original physiological activity and
physical properties.

3.6. Ingredients

Collagen and gelatin, a common scaffolding material, are made from bovine dermis. In
recent years, there has been a movement to refrain from eating meat from an environmental
protection and sustainability perspective. Further, social interest in alternative meats, such
as soybean meat and cultured meat, and in veganism has increased. Food production using
livestock is said to have a large environmental impact because livestock emit greenhouse
gases and use water resources and land intensively. Therefore, switching from livestock-
based resources has become important in realizing a sustainable society.

Microorganisms that produce naturally derived bio-based polymers [89] are attracting
attention, as these are a sustainable resource and do not require large areas of land com-
pared with cows. Streptococcus salivarius, a type of cavity-causing bacterium, can create
unbranched crystalline α-1,3-glucan esters with high thermal stability and a high melting
temperature from the renewable raw material sucrose. It can be used as a source of glucose
monomers, resulting in an environmentally friendly one-pot water-based reaction [89].
The raw material for nanogels is pullulan, a water-soluble polysaccharide produced from
starch syrup by Aureobasidium pullulans, a type of filamentous fungus [90]. It is tasteless,
odorless, easily soluble in water, highly stable, and has lubricating properties. Medical tech-
nology based on nanogels derived from natural polysaccharides is expected to contribute
to creating a sustainable society.

4. Conclusions

A CHP nanogel has been used since 2004 in clinical trials as a DDS carrier, and its
effectiveness has been demonstrated [12]. In particular, the therapeutic effect on esophageal
cancer has been remarkable and clinical trials are underway. Progress is being made in de-
veloping a COVID-19 nasal vaccine in which a CHP nanogel and antigen are administrated
nasally [3,13].

Furthermore, progress is being made in developing a highly safe COVID-19 vaccine
made from a hyaluronic acid-derived nanogel that does not require a cold-chain and does
not contain PEG. Using Nanogel as a carrier, it will be easily possible to vaccinate patients
and children who have PEG allergies. The vaccine is expected to be used widely even in
developing countries with a poor medical infrastructure.

Bottom-up gel fabrication using nanogels as building blocks as a technology, “nanogel
engineering”, is expected to be applied to DDSs and scaffolding materials for regen-
erative medicine, etc. CHP nanogel scaffolds have the ability to mimic natural tissue
structure and function and may be one of the most effective and viable therapeutic
options [39–42,48,49,58,72]. Conversely, there are many uncertainties in the clinical ap-
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plication of CHP nanogel scaffold materials. Considerable further research is required
to ultimately reach human trials and clinical trials. It is thought that this will lead to the
development of excellent biomaterials that solve various medical problems, including
medical care for the elderly.

5. Patents

The following applied patent provides details about the scaffold materials: PCT/
JP2019/033678.

Author Contributions: Conceptualization: T.A., Y.T. and K.A.; Data curation: O.M., T.Y. and K.A.;
Supervision: O.M. and K.A.; Manuscript review and editing: T.A., K.Y., Y.T. and N.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI (Fund for the Promotion of Joint International
Research) (A) (18KK0441) and Grant-in-Aid for Scientific Research (C) (18K09774, 19K10339, 20K10100,
and 22K10128).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: In situ Raman analysis using LabRAM HR800 was performed at the Kyoto
Municipal Institute of Industrial Technology and Culture. We are grateful to Toyonari Yajii at
Kyoto University for generating the SR FT-IR images. We thank Susumu Kamoi of the Kyoto
Prefectural Technology Center for Small and Medium Enterprises for his help with the Raman
and SEM experiments. We thank Naohiro Tomari from the Kyoto Municipal Institute of Industrial
Technology and Culture for his support during the Raman and FT-IR experiments. We thank Tsutomu
Kiyomura from the Kyoto University Nanotechnology Hub for his support during TEM.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hashimoto, Y.; Mukai, S.-A.; Sasaki, Y.; Akiyoshi, K. Nanogel Tectonics for Tissue Engineering: Protein Delivery Systems with

Nanogel Chaperones. Adv. Healthc. Mater. 2018, 7, 1800729. [CrossRef]
2. Sasaki, Y.; Akiyoshi, K. Nanogel Engineering by Associating Polymers for Biomedical Applications. In Hydrogel Micro and

Nanoparticles; Wiley: Hoboken, NJ, USA, 2012; pp. 187–208.
3. Nakahashi-Ouchida, R.; Yuki, Y.; Kiyono, H. Development of a nanogel-based nasal vaccine as a novel antigen delivery system.

Expert Rev. Vaccines 2017, 16, 1231–1240. [CrossRef] [PubMed]
4. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for

drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef] [PubMed]
5. Guimarães, D.; Cavaco-Paulo, A.; Nogueira, E. Design of liposomes as drug delivery system for therapeutic applications. Int. J.

Pharm. 2021, 601, 120571. [CrossRef]
6. Iqbal, S.; Blenner, M.; Alexander-Bryant, A.; Larsen, J. Polymersomes for Therapeutic Delivery of Protein and Nucleic Acid

Macromolecules: From Design to Therapeutic Applications. Biomacromolecules 2020, 21, 1327–1350. [CrossRef] [PubMed]
7. Ghezzi, M.; Pescina, S.; Padula, C.; Santi, P.; Del Favero, E.; Cantù, L.; Nicoli, S. Polymeric micelles in drug delivery: An insight of

the techniques for their characterization and assessment in biorelevant conditions. J. Control. Release 2021, 332, 312–336. [CrossRef]
[PubMed]

8. Alemán, J.V.; Chadwick, A.V.; He, J.; Hess, M.; Horie, K.; Jones, R.G.; Kratochvíl, P.; Meisel, I.; Mita, I.; Moad, G.; et al.
Definitions of terms relating to the structure and processing of sols, gels, networks, and inorganic-organic hybrid materials
(IUPAC Recommendations 2007). Pure Appl. Chem. 2007, 79, 1801–1829. [CrossRef]

9. Kuroda, K.; Fujimoto, K.; Sunamoto, J.; Akiyoshi, K. Hierarchical Self-Assembly of Hydrophobically Modified Pullulan in Water:
Gelation by Networks of Nanoparticles. Langmuir 2002, 18, 3780–3786. [CrossRef]

10. Sekine, Y.; Endo, H.; Iwase, H.; Takeda, S.; Mukai, S.-A.; Fukazawa, H.; Littrell, K.C.; Sasaki, Y.; Akiyoshi, K. Nanoscopic
Structural Investigation of Physically Cross-Linked Nanogels Formed from Self-Associating Polymers. J. Phys. Chem. B 2016, 120,
11996–12002. [CrossRef]

11. Muraoka, D.; Seo, N.; Hayashi, T.; Tahara, Y.; Fujii, K.; Tawara, I.; Miyahara, Y.; Okamori, K.; Yagita, H.; Imoto, S.; et al. Antigen
delivery targeted to tumor-associated macrophages overcomes tumor immune resistance. J. Clin. Investig. 2019, 129, 1278–1294.
[CrossRef]

https://doi.org/10.1002/adhm.201800729
https://doi.org/10.1080/14760584.2017.1395702
https://www.ncbi.nlm.nih.gov/pubmed/29053938
https://doi.org/10.1038/s41573-020-0090-8
https://www.ncbi.nlm.nih.gov/pubmed/33277608
https://doi.org/10.1016/j.ijpharm.2021.120571
https://doi.org/10.1021/acs.biomac.9b01754
https://www.ncbi.nlm.nih.gov/pubmed/32078290
https://doi.org/10.1016/j.jconrel.2021.02.031
https://www.ncbi.nlm.nih.gov/pubmed/33652113
https://doi.org/10.1351/pac200779101801
https://doi.org/10.1021/la011454s
https://doi.org/10.1021/acs.jpcb.6b06795
https://doi.org/10.1172/JCI97642


Gels 2024, 10, 206 13 of 16

12. Uenaka, A.; Wada, H.; Isobe, M.; Saika, T.; Tsuji, K.; Sato, E.; Sato, S.; Noguchi, Y.; Kawabata, R.; Yasuda, T.; et al. T cell
immunomonitoring and tumor responses in patients immunized with a complex of cholesterol-bearing hydrophobized pullulan
(CHP) and NY-ESO-1 protein. Cancer Immun. 2007, 7, 9. [PubMed]

13. Nakahashi-Ouchida, R.; Yuki, Y.; Kiyono, H. Cationic pullulan nanogel as a safe and effective nasal vaccine delivery system for
respiratory infectious diseases. Hum. Vaccines Immunother. 2018, 14, 2189–2193. [CrossRef] [PubMed]

14. Fiolet, T.; Kherabi, Y.; MacDonald, C.-J.; Ghosn, J.; Peiffer-Smadja, N. Comparing COVID-19 vaccines for their characteristics,
efficacy and effectiveness against SARS-CoV-2 and variants of concern: A narrative review. Clin. Microbiol. Infect. 2022, 28,
202–221. [CrossRef] [PubMed]

15. Wolff, J.A.; Malone, R.W.; Williams, P.; Chong, W.; Acsadi, G.; Jani, A.; Felgner, P.L. Direct Gene Transfer into Mouse Muscle in
Vivo. Science 1990, 247, 1465–1468. [CrossRef] [PubMed]

16. Anderson, B.R.; Muramatsu, H.; Nallagatla, S.R.; Bevilacqua, P.C.; Sansing, L.H.; Weissman, D.; Karikó, K. Incorporation of
pseudouridine into mRNA enhances translation by diminishing PKR activation. Nucleic Acids Res. 2010, 38, 5884–5892. [CrossRef]

17. Karikó, K.; Buckstein, M.; Ni, H.; Weissman, D. Suppression of RNA Recognition by Toll-like Receptors: The Impact of Nucleoside
Modification and the Evolutionary Origin of RNA. Immunity 2005, 23, 165–175. [CrossRef] [PubMed]

18. Karikó, K.; Muramatsu, H.; Welsh, F.A.; Ludwig, J.; Kato, H.; Akira, S.; Weissman, D. Incorporation of Pseudouridine Into mRNA
Yields Superior Nonimmunogenic Vector With Increased Translational Capacity and Biological Stability. Mol. Ther. 2008, 16,
1833–1840. [CrossRef]

19. Pederson, T. Tributaries of the 2023 Nobel Prize in Physiology or Medicine, and lessons learned. RNA 2024, 30, 101–104. [CrossRef]
20. Bansal, A. From rejection to the Nobel Prize: Karikó and Weissman’s pioneering work on mRNA vaccines, and the need for

diversity and inclusion in translational immunology. Front. Immunol. 2023, 14, 1306025. [CrossRef]
21. Hou, X.; Zaks, T.; Langer, R.; Dong, Y. Lipid nanoparticles for mRNA delivery. Nat. Rev. Mater. 2021, 6, 1078–1094. [CrossRef]
22. Sabnis, S.; Kumarasinghe, E.S.; Salerno, T.; Mihai, C.; Ketova, T.; Senn, J.J.; Lynn, A.; Bulychev, A.; McFadyen, I.; Chan, J.; et al.

A Novel Amino Lipid Series for mRNA Delivery: Improved Endosomal Escape and Sustained Pharmacology and Safety in
Non-human Primates. Mol. Ther. 2018, 26, 1509–1519. [CrossRef] [PubMed]

23. Tockary, T.A.; Abbasi, S.; Matsui-Masai, M.; Hayashi, A.; Yoshinaga, N.; Boonstra, E.; Wang, Z.; Fukushima, S.; Kataoka, K.;
Uchida, S. Comb-structured mRNA vaccine tethered with short double-stranded RNA adjuvants maximizes cellular immunity
for cancer treatment. Proc. Natl. Acad. Sci. USA 2023, 120, e2214320120. [CrossRef] [PubMed]

24. Rehwinkel, J.; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537–551.
[CrossRef] [PubMed]

25. Yokoyama, M.; Inoue, S.; Kataoka, K.; Yui, N.; Okano, T.; Sakurai, Y. Molecular design for missile drug: Synthesis of adriamycin
conjugated with immunoglobulin G using poly(ethylene glycol)-block-poly(aspartic acid) as intermediate carrier. Makromol.
Chem. Phys. 1989, 190, 2041–2054. [CrossRef]

26. Aini, H.; Itaka, K.; Fujisawa, A.; Uchida, H.; Uchida, S.; Fukushima, S.; Kataoka, K.; Saito, T.; Chung, U.-I.; Ohba, S. Messenger
RNA delivery of a cartilage-anabolic transcription factor as a disease-modifying strategy for osteoarthritis treatment. Sci. Rep.
2016, 6, 18743. [CrossRef] [PubMed]

27. Zhang, M.; Fukushima, Y.; Nozaki, K.; Nakanishi, H.; Deng, J.; Wakabayashi, N.; Itaka, K. Enhancement of bone regeneration by
coadministration of angiogenic and osteogenic factors using messenger RNA. Inflamm. Regen. 2023, 43, 32. [CrossRef]

28. Zangi, L.; Lui, K.O.; von Gise, A.; Ma, Q.; Ebina, W.; Ptaszek, L.M.; Später, D.; Xu, H.; Tabebordbar, M.; Gorbatov, R.; et al.
Modified mRNA directs the fate of heart progenitor cells and induces vascular regeneration after myocardial infarction. Nat.
Biotechnol. 2013, 31, 898–907. [CrossRef] [PubMed]

29. Carlsson, L.; Clarke, J.C.; Yen, C.; Gregoire, F.; Albery, T.; Billger, M.; Egnell, A.-C.; Gan, L.-M.; Jennbacken, K.; Johansson, E.;
et al. Biocompatible, Purified VEGF-A mRNA Improves Cardiac Function after Intracardiac Injection 1 Week Post-myocardial
Infarction in Swine. Mol. Ther. Methods Clin. Dev. 2018, 9, 330–346. [CrossRef]

30. Carmeliet, P. VEGF as a Key Mediator of Angiogenesis in Cancer. Oncology 2005, 69, 4–10. [CrossRef]
31. Mabeta, P.; Steenkamp, V. The VEGF/VEGFR Axis Revisited: Implications for Cancer Therapy. Int. J. Mol. Sci. 2022, 23, 15585.

[CrossRef]
32. Nichols, J.W.; Bae, Y.H. EPR: Evidence and fallacy. J. Control. Release 2014, 190, 451–464. [CrossRef] [PubMed]
33. Fujii, H.; Shin-Ya, M.; Takeda, S.; Hashimoto, Y.; Mukai, S.-A.; Sawada, S.-I.; Adachi, T.; Akiyoshi, K.; Miki, T.; Mazda, O.

Cycloamylose-nanogel drug delivery system-mediated intratumor silencing of the vascular endothelial growth factor regulates
neovascularization in tumor microenvironment. Cancer Sci. 2014, 105, 1616–1625. [CrossRef] [PubMed]

34. Wu, Y.; Yi, M.; Niu, M.; Mei, Q.; Wu, K. Myeloid-derived suppressor cells: An emerging target for anticancer immunotherapy.
Mol. Cancer 2022, 21, 184. [CrossRef] [PubMed]

35. Walter, S.; Weinschenk, T.; Stenzl, A.; Zdrojowy, R.; Pluzanska, A.; Szczylik, C.; Staehler, M.; Brugger, W.; Dietrich, P.-Y.;
Mendrzyk, R.; et al. Multipeptide immune response to cancer vaccine IMA901 after single-dose cyclophosphamide associates
with longer patient survival. Nat. Med. 2012, 18, 1254–1261. [CrossRef] [PubMed]

36. Kamolratanakul, P.; Hayata, T.; Ezura, Y.; Kawamata, A.; Hayashi, C.; Yamamoto, Y.; Hemmi, H.; Nagao, M.; Hanyu, R.;
Notomi, T.; et al. Nanogel-based scaffold delivery of prostaglandin E2 receptor–specific agonist in combination with a low dose
of growth factor heals critical-size bone defects in mice. Arthritis Rheumat. 2011, 63, 1021–1033. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/17441676
https://doi.org/10.1080/21645515.2018.1461298
https://www.ncbi.nlm.nih.gov/pubmed/29624474
https://doi.org/10.1016/j.cmi.2021.10.005
https://www.ncbi.nlm.nih.gov/pubmed/34715347
https://doi.org/10.1126/science.1690918
https://www.ncbi.nlm.nih.gov/pubmed/1690918
https://doi.org/10.1093/nar/gkq347
https://doi.org/10.1016/j.immuni.2005.06.008
https://www.ncbi.nlm.nih.gov/pubmed/16111635
https://doi.org/10.1038/mt.2008.200
https://doi.org/10.1261/rna.079874.123
https://doi.org/10.3389/fimmu.2023.1306025
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1016/j.ymthe.2018.03.010
https://www.ncbi.nlm.nih.gov/pubmed/29653760
https://doi.org/10.1073/pnas.2214320120
https://www.ncbi.nlm.nih.gov/pubmed/37428918
https://doi.org/10.1038/s41577-020-0288-3
https://www.ncbi.nlm.nih.gov/pubmed/32203325
https://doi.org/10.1002/macp.1989.021900904
https://doi.org/10.1038/srep18743
https://www.ncbi.nlm.nih.gov/pubmed/26728350
https://doi.org/10.1186/s41232-023-00285-3
https://doi.org/10.1038/nbt.2682
https://www.ncbi.nlm.nih.gov/pubmed/24013197
https://doi.org/10.1016/j.omtm.2018.04.003
https://doi.org/10.1159/000088478
https://doi.org/10.3390/ijms232415585
https://doi.org/10.1016/j.jconrel.2014.03.057
https://www.ncbi.nlm.nih.gov/pubmed/24794900
https://doi.org/10.1111/cas.12547
https://www.ncbi.nlm.nih.gov/pubmed/25283373
https://doi.org/10.1186/s12943-022-01657-y
https://www.ncbi.nlm.nih.gov/pubmed/36163047
https://doi.org/10.1038/nm.2883
https://www.ncbi.nlm.nih.gov/pubmed/22842478
https://doi.org/10.1002/art.30151
https://www.ncbi.nlm.nih.gov/pubmed/21190246


Gels 2024, 10, 206 14 of 16

37. Namangkalakul, W.; Nagai, S.; Jin, C.; Nakahama, K.-I.; Yoshimoto, Y.; Ueha, S.; Akiyoshi, K.; Matsushima, K.; Nakashima, T.;
Takechi, M.; et al. Augmented effect of fibroblast growth factor 18 in bone morphogenetic protein 2-induced calvarial bone
healing by activation of CCL2/CCR2 axis on M2 macrophage polarization. J. Tissue Eng. 2023, 14, 20417314231187960. [CrossRef]
[PubMed]

38. James, A.W.; LaChaud, G.; Shen, J.; Asatrian, G.; Nguyen, V.; Zhang, X.; Ting, K.; Soo, C. A Review of the Clinical Side Effects of
Bone Morphogenetic Protein-2. Tissue Eng. Part B Rev. 2016, 22, 284–297. [CrossRef]

39. Hashimoto, Y.; Mukai, S.-A.; Sawada, S.-I.; Sasaki, Y.; Akiyoshi, K. Nanogel tectonic porous gel loading biologics, nanocarriers,
and cells for advanced scaffold. Biomaterials 2015, 37, 107–115. [CrossRef]

40. Sato, Y.; Yamamoto, K.; Horiguchi, S.; Tahara, Y.; Nakai, K.; Kotani, S.-I.; Oseko, F.; Pezzotti, G.; Yamamoto, T.; Kishida, T.; et al.
Nanogel tectonic porous 3D scaffold for direct reprogramming fibroblasts into osteoblasts and bone regeneration. Sci. Rep. 2018,
8, 15824. [CrossRef]

41. Tahara, Y.; Mukai, S.-A.; Sawada, S.-I.; Sasaki, Y.; Akiyoshi, K. Nanocarrier-Integrated Microspheres: Nanogel Tectonic Engineering
for Advanced Drug-Delivery Systems. Adv. Mater. 2015, 27, 5080–5088. [CrossRef]

42. Hayashi, S.; Sasaki, Y.; Kubo, H.; Sawada, S.-I.; Kinoshita, N.; Marukawa, E.; Harada, H.; Akiyoshi, K. Construction of Hybrid
Cell Spheroids Using Cell-Sized Cross-Linked Nanogel Microspheres as an Artificial Extracellular Matrix. ACS Appl. Bio Mater.
2021, 4, 7848–7855. [CrossRef] [PubMed]

43. Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262–265. [CrossRef]
[PubMed]

44. Spence, J.R.; Mayhew, C.N.; Rankin, S.A.; Kuhar, M.F.; Vallance, J.E.; Tolle, K.; Hoskins, E.E.; Kalinichenko, V.V.; Wells, S.I.;
Zorn, A.M.; et al. Directed differentiation of human pluripotent stem cells into intestinal tissue in vitro. Nature 2011, 470, 105–109.
[CrossRef] [PubMed]

45. Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T.; Zhang, R.-R.; Ueno, Y.; Zheng, Y.-W.; Koike, N.; et al.
Vascularized and functional human liver from an iPSC-derived organ bud transplant. Nature 2013, 499, 481–484. [CrossRef]
[PubMed]

46. Xu, C.; Inokuma, M.S.; Denham, J.; Golds, K.; Kundu, P.; Gold, J.D.; Carpenter, M.K. Feeder-free growth of undifferentiated
human embryonic stem cells. Nat. Biotechnol. 2001, 19, 971–974. [CrossRef] [PubMed]

47. Watanabe, K.; Ueno, M.; Kamiya, D.; Nishiyama, A.; Matsumura, M.; Wataya, T.; Takahashi, J.B.; Nishikawa, S.; Nishikawa, S.-I.;
Muguruma, K.; et al. A ROCK inhibitor permits survival of dissociated human embryonic stem cells. Nat. Biotechnol. 2007, 25,
681–686. [CrossRef] [PubMed]

48. Horiguchi, S.; Adachi, T.; Rondinella, A.; Boschetto, F.; Marin, E.; Zhu, W.; Tahara, Y.; Yamamoto, T.; Kanamura, N.; Akiyoshi, K.;
et al. Osteogenic response of mesenchymal progenitor cells to natural polysaccharide nanogel and atelocollagen scaffolds:
A spectroscopic study. Mater. Sci. Eng. C 2019, 99, 1325–1340. [CrossRef] [PubMed]

49. Adachi, T.; Boschetto, F.; Miyamoto, N.; Yamamoto, T.; Marin, E.; Zhu, W.; Kanamura, N.; Tahara, Y.; Akiyoshi, K.; Mazda, O.;
et al. In Vivo Regeneration of Large Bone Defects by Cross-Linked Porous Hydrogel: A Pilot Study in Mice Combining Micro
Tomography, Histological Analyses, Raman Spectroscopy and Synchrotron Infrared Imaging. Materials 2020, 13, 4275. [CrossRef]

50. Ieda, M.; Fu, J.-D.; Delgado-Olguin, P.; Vedantham, V.; Hayashi, Y.; Bruneau, B.G.; Srivastava, D. Direct Reprogramming of
Fibroblasts into Functional Cardiomyocytes by Defined Factors. Cell 2010, 142, 375–386. [CrossRef]

51. Wada, R.; Muraoka, N.; Inagawa, K.; Yamakawa, H.; Miyamoto, K.; Sadahiro, T.; Umei, T.; Kaneda, R.; Suzuki, T.; Kamiya, K.;
et al. Induction of human cardiomyocyte-like cells from fibroblasts by defined factors. Proc. Natl. Acad. Sci. USA 2013, 110,
12667–12672. [CrossRef]

52. Kim, J.; Efe, J.A.; Zhu, S.; Talantova, M.; Yuan, X.; Wang, S.; Lipton, S.A.; Zhang, K.; Ding, S. Direct reprogramming of mouse
fibroblasts to neural progenitors. Proc. Natl. Acad. Sci. USA 2011, 108, 7838–7843. [CrossRef] [PubMed]

53. Han, D.W.; Tapia, N.; Hermann, A.; Hemmer, K.; Höing, S.; Araúzo-Bravo, M.J.; Zaehres, H.; Wu, G.; Frank, S.; Moritz, S.; et al.
Direct Reprogramming of Fibroblasts into Neural Stem Cells by Defined Factors. Cell Stem Cell 2012, 10, 465–472. [CrossRef]

54. Sekiya, S.; Suzuki, A. Direct conversion of mouse fibroblasts to hepatocyte-like cells by defined factors. Nature 2011, 475, 390–393.
[CrossRef] [PubMed]

55. Sato, T.; Higashioka, K.; Sakurai, H.; Yamamoto, T.; Goshima, N.; Ueno, M.; Sotozono, C. Core Transcription Factors Promote
Induction of PAX3-Positive Skeletal Muscle Stem Cells. Stem Cell Rep. 2019, 13, 352–365. [CrossRef] [PubMed]

56. Takeda, Y.; Harada, Y.; Yoshikawa, T.; Dai, P. Direct conversion of human fibroblasts to brown adipocytes by small chemical
compounds. Sci. Rep. 2017, 7, 4304. [CrossRef]

57. Chang, Y.; Cho, B.; Kim, S.; Kim, J. Direct conversion of fibroblasts to osteoblasts as a novel strategy for bone regeneration in
elderly individuals. Exp. Mol. Med. 2019, 51, 1–8. [CrossRef] [PubMed]

58. Nakai, K.; Yamamoto, K.; Kishida, T.; Kotani, S.-I.; Sato, Y.; Horiguchi, S.; Yamanobe, H.; Adachi, T.; Boschetto, F.; Marin, E.; et al.
Osteogenic Response to Polysaccharide Nanogel Sheets of Human Fibroblasts After Conversion Into Functional Osteoblasts by
Direct Phenotypic Cell Reprogramming. Front. Bioeng. Biotechnol. 2021, 9, 713932. [CrossRef]

59. Pratta, M.A.; Yao, W.; Decicco, C.; Tortorella, M.D.; Liu, R.-Q.; Copeland, R.A.; Magolda, R.; Newton, R.C.; Trzaskos, J.M.;
Arner, E.C. Aggrecan Protects Cartilage Collagen from Proteolytic Cleavage. J. Biol. Chem. 2003, 278, 45539–45545. [CrossRef]

https://doi.org/10.1177/20417314231187960
https://www.ncbi.nlm.nih.gov/pubmed/37529250
https://doi.org/10.1089/ten.teb.2015.0357
https://doi.org/10.1016/j.biomaterials.2014.10.045
https://doi.org/10.1038/s41598-018-33892-z
https://doi.org/10.1002/adma.201501557
https://doi.org/10.1021/acsabm.1c00796
https://www.ncbi.nlm.nih.gov/pubmed/35006766
https://doi.org/10.1038/nature07935
https://www.ncbi.nlm.nih.gov/pubmed/19329995
https://doi.org/10.1038/nature09691
https://www.ncbi.nlm.nih.gov/pubmed/21151107
https://doi.org/10.1038/nature12271
https://www.ncbi.nlm.nih.gov/pubmed/23823721
https://doi.org/10.1038/nbt1001-971
https://www.ncbi.nlm.nih.gov/pubmed/11581665
https://doi.org/10.1038/nbt1310
https://www.ncbi.nlm.nih.gov/pubmed/17529971
https://doi.org/10.1016/j.msec.2019.02.043
https://www.ncbi.nlm.nih.gov/pubmed/30889667
https://doi.org/10.3390/ma13194275
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1073/pnas.1304053110
https://doi.org/10.1073/pnas.1103113108
https://www.ncbi.nlm.nih.gov/pubmed/21521790
https://doi.org/10.1016/j.stem.2012.02.021
https://doi.org/10.1038/nature10263
https://www.ncbi.nlm.nih.gov/pubmed/21716291
https://doi.org/10.1016/j.stemcr.2019.06.006
https://www.ncbi.nlm.nih.gov/pubmed/31353225
https://doi.org/10.1038/s41598-017-04665-x
https://doi.org/10.1038/s12276-019-0251-1
https://www.ncbi.nlm.nih.gov/pubmed/31221981
https://doi.org/10.3389/fbioe.2021.713932
https://doi.org/10.1074/jbc.M303737200


Gels 2024, 10, 206 15 of 16

60. Vapniarsky, N.; Huwe, L.W.; Arzi, B.; Houghton, M.K.; Wong, M.E.; Wilson, J.W.; Hatcher, D.C.; Hu, J.C.; Athanasiou, K.A. Tissue
engineering toward temporomandibular joint disc regeneration. Sci. Transl. Med. 2018, 10, eaaq1802. [CrossRef]

61. Kondo, M.; Kameishi, S.; Kim, K.; Metzler, N.F.; Maak, T.G.; Hutchinson, D.T.; Wang, A.A.; Maehara, M.; Sato, M.; Grainger, D.W.;
et al. Safety and efficacy of human juvenile chondrocyte-derived cell sheets for osteochondral defect treatment. npj Regen. Med.
2021, 6, 65. [CrossRef]

62. Hamahashi, K.; Toyoda, E.; Ishihara, M.; Mitani, G.; Takagaki, T.; Kaneshiro, N.; Maehara, M.; Takahashi, T.; Okada, E.; Watanabe, A.;
et al. Polydactyly-derived allogeneic chondrocyte cell-sheet transplantation with high tibial osteotomy as regenerative therapy
for knee osteoarthritis. npj Regen. Med. 2022, 7, 71. [CrossRef]

63. Abe, K.; Yamashita, A.; Morioka, M.; Horike, N.; Takei, Y.; Koyamatsu, S.; Okita, K.; Matsuda, S.; Tsumaki, N. Engraftment
of allogeneic iPS cell-derived cartilage organoid in a primate model of articular cartilage defect. Nat. Commun. 2023, 14, 804.
[CrossRef] [PubMed]

64. Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

65. Gutierrez-Aranda, I.; Ramos-Mejia, V.; Bueno, C.; Munoz-Lopez, M.; Real, P.J.; Mácia, A.; Sanchez, L.; Ligero, G.; Garcia-Parez, J.L.;
Menendez, P. Human Induced Pluripotent Stem Cells Develop Teratoma More Efficiently and Faster Than Human Embryonic
Stem Cells Regardless the Site of Injection. Stem Cells 2010, 28, 1568–1570. [CrossRef]

66. Duinsbergen, D.; Salvatori, D.; Eriksson, M.; Mikkers, H. Tumors Originating from Induced Pluripotent Stem Cells and Methods
for Their Prevention. Ann. N. Y. Acad. Sci. 2009, 1176, 197–204. [CrossRef] [PubMed]

67. Outani, H.; Okada, M.; Yamashita, A.; Nakagawa, K.; Yoshikawa, H.; Tsumaki, N. Direct Induction of Chondrogenic Cells from
Human Dermal Fibroblast Culture by Defined Factors. PLoS ONE 2013, 8, e77365. [CrossRef] [PubMed]

68. Im, G.-I.; Kim, T.-K. Overcoming Current Dilemma in Cartilage Regeneration: Will Direct Conversion Provide a Breakthrough?
Tissue Eng. Regen. Med. 2020, 17, 829–834. [CrossRef] [PubMed]

69. Zujur, D.; Al-Akashi, Z.; Nakamura, A.; Zhao, C.; Takahashi, K.; Aritomi, S.; Theoputra, W.; Kamiya, D.; Nakayama, K.; Ikeya, M.
Enhanced chondrogenic differentiation of iPS cell-derived mesenchymal stem/stromal cells via neural crest cell induction for
hyaline cartilage repair. Front. Cell Dev. Biol. 2023, 11, 1140717. [CrossRef]

70. Seo, B.-M.; Miura, M.; Gronthos, S.; Mark Bartold, P.; Batouli, S.; Brahim, J.; Young, M.; Gehron Robey, P.; Wang, C.Y.; Shi, S.
Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364, 149–155. [CrossRef]

71. Zhu, W.; Liang, M. Periodontal Ligament Stem Cells: Current Status, Concerns, and Future Prospects. Stem Cells Int. 2015, 2015,
972313. [CrossRef]

72. Adachi, T.; Miyamoto, N.; Imamura, H.; Yamamoto, T.; Marin, E.; Zhu, W.; Kobara, M.; Sowa, Y.; Tahara, Y.; Kanamura, N.; et al.
Three-Dimensional Culture of Cartilage Tissue on Nanogel-Cross-Linked Porous Freeze-Dried Gel Scaffold for Regenerative
Cartilage Therapy: A Vibrational Spectroscopy Evaluation. Int. J. Mol. Sci. 2022, 23, 8099. [CrossRef] [PubMed]

73. Bosserhoff, A.K.; Buettner, R. Establishing the protein MIA (melanoma inhibitory activity) as a marker for chondrocyte differenti-
ation. Biomaterials 2003, 24, 3229–3234. [CrossRef] [PubMed]

74. Rieppo, L.; Töyräs, J.; Saarakkala, S. Vibrational spectroscopy of articular cartilage. Appl. Spectrosc. Rev. 2017, 52, 249–266. [CrossRef]
75. Takahashi, Y.; Sugano, N.; Takao, M.; Sakai, T.; Nishii, T.; Pezzotti, G. Raman spectroscopy investigation of load-assisted

microstructural alterations in human knee cartilage: Preliminary study into diagnostic potential for osteoarthritis. J. Mech. Behav.
Biomed. Mater. 2014, 31, 77–85. [CrossRef] [PubMed]

76. Bergholt, M.S.; St-Pierre, J.-P.; Offeddu, G.S.; Parmar, P.A.; Albro, M.B.; Puetzer, J.L.; Oyen, M.L.; Stevens, M.M. Raman
Spectroscopy Reveals New Insights into the Zonal Organization of Native and Tissue-Engineered Articular Cartilage. ACS Cent.
Sci. 2016, 2, 885–895. [CrossRef] [PubMed]

77. Alois, B.; Claudia, B.; Franco, V.; Eleonora, M.; Sabrina, S.; Sergio, P.; Valter, S. Chemical imaging of articular cartilage sections
with Raman mapping, employing uni- and multi-variate methods for data analysis. Analyst 2010, 135, 3193–3204. [CrossRef]

78. Brézillon, S.; Untereiner, V.; Mohamed, H.T.; Hodin, J.; Chatron-Colliet, A.; Maquart, F.X.; Sockalingum, G.D. Probing gly-
cosaminoglycan spectral signatures in live cells and their conditioned media by Raman microspectroscopy. Analyst 2017, 142,
1333–1341. [CrossRef]

79. Yin, J.; Xia, Y. Chemical visualization of individual chondrocytes in articular cartilage by attenuated-total-reflection Fourier
Transform Infrared Microimaging. Biomed. Opt. Express 2011, 2, 937–945. [CrossRef]

80. Chonanant, C.; Bambery, K.R.; Jearanaikoon, N.; Chio-Srichan, S.; Limpaiboon, T.; Tobin, M.J.; Heraud, P.; Jearanaikoon, P.
Discrimination of micromass-induced chondrocytes from human mesenchymal stem cells by focal plane array-Fourier transform
infrared microspectroscopy. Talanta 2014, 130, 39–48. [CrossRef]

81. Chonanant, C.; Jearanaikoon, N.; Leelayuwat, C.; Limpaiboon, T.; Tobin, M.J.; Jearanaikoon, P.; Heraud, P. Characterisation of
chondrogenic differentiation of human mesenchymal stem cells using synchrotron FTIR microspectroscopy. Analyst 2011, 136,
2542–2551. [CrossRef]

82. Pezzotti, G.; Zhu, W.; Terai, Y.; Marin, E.; Boschetto, F.; Kawamoto, K.; Itaka, K. Raman spectroscopic insight into osteoarthritic
cartilage regeneration by mRNA therapeutics encoding cartilage-anabolic transcription factor Runx1. Mater. Today Bio 2022, 13,
100210. [CrossRef] [PubMed]

https://doi.org/10.1126/scitranslmed.aaq1802
https://doi.org/10.1038/s41536-021-00173-9
https://doi.org/10.1038/s41536-022-00272-1
https://doi.org/10.1038/s41467-023-36408-0
https://www.ncbi.nlm.nih.gov/pubmed/36808132
https://doi.org/10.1016/j.cell.2006.07.024
https://www.ncbi.nlm.nih.gov/pubmed/16904174
https://doi.org/10.1002/stem.471
https://doi.org/10.1111/j.1749-6632.2009.04563.x
https://www.ncbi.nlm.nih.gov/pubmed/19796248
https://doi.org/10.1371/journal.pone.0077365
https://www.ncbi.nlm.nih.gov/pubmed/24146984
https://doi.org/10.1007/s13770-020-00303-2
https://www.ncbi.nlm.nih.gov/pubmed/33098546
https://doi.org/10.3389/fcell.2023.1140717
https://doi.org/10.1016/S0140-6736(04)16627-0
https://doi.org/10.1155/2015/972313
https://doi.org/10.3390/ijms23158099
https://www.ncbi.nlm.nih.gov/pubmed/35897669
https://doi.org/10.1016/S0142-9612(03)00184-4
https://www.ncbi.nlm.nih.gov/pubmed/12763450
https://doi.org/10.1080/05704928.2016.1226182
https://doi.org/10.1016/j.jmbbm.2013.02.014
https://www.ncbi.nlm.nih.gov/pubmed/23545201
https://doi.org/10.1021/acscentsci.6b00222
https://www.ncbi.nlm.nih.gov/pubmed/28058277
https://doi.org/10.1039/c0an00459f
https://doi.org/10.1039/C6AN01951J
https://doi.org/10.1364/BOE.2.000937
https://doi.org/10.1016/j.talanta.2014.05.037
https://doi.org/10.1039/c1an15182g
https://doi.org/10.1016/j.mtbio.2022.100210
https://www.ncbi.nlm.nih.gov/pubmed/35281370


Gels 2024, 10, 206 16 of 16

83. Möller, T.; Amoroso, M.; Hägg, D.; Brantsing, C.; Rotter, N.; Apelgren, P.; Lindahl, A.; Kölby, L.; Gatenholm, P. In Vivo
Chondrogenesis in 3D Bioprinted Human Cell-laden Hydrogel Constructs. Plast. Reconstr. Surg. Glob. Open 2017, 5, e1227.
[CrossRef] [PubMed]

84. Middleton, J.C.; Tipton, A.J. Synthetic biodegradable polymers as orthopedic devices. Biomaterials 2000, 21, 2335–2346. [CrossRef]
[PubMed]
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